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ABSTRACT

The liquid-vapor and solid-vapor interfacial
energies of the system G a - A ^ O ^ were determined by the
sessile drop technique.

The interfacial energies were

found to decrease with increasing temperature and P n .

U2

A maximum liquid-vapor interfacial energy of 581
ergs/cm

2

was found for a clean sessile drop at 1227°C.

Values for T q , the excess concentration of oxygen, were
calculated for both the liquid-vapor and solid-liquid
interfaces.

The work of adhesion between molten Ga and

A^O-^ was found to increase with decreasing P q

with
wi
a

maximum of 576 ergs/cm^ occurring at 927°C for a P^

of
2
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I.

INTRODUCTION

The use of surface and interfacial energy information
in characterizing ceramic-metal systems has led to exten
sive research in this area.

The most widely used method

for the study of these energies is the sessile drop tech
nique.

In this technique a drop of liquid (usually metal)

is placed in contact with a solid substrate
ceramic).

See figure 1.

(usually

An equilibrium is established

between the solid, liquid, and vapor phases.

This

equilibrium can be expressed by the Young-Dupre equation.'*'

Y si

( 1)

Ysv - Y lvoos0

where yg l , yg v , Ylv are the sc’lid-liquid, solid-vapor, and
liquid-vapor interfacial energies, respectively.

The

contact angle 0 is a direct measurement of the degree of
wetting of the solid by the liquid.
wet the solid if 0 < 90°.

A liquid is said to

For the nonwetting case y^v can

be determined independently of y s v and Ys l *
Adams

2

derived a method by which y^

Bashforth and

can be determined from

the geometry of the sessile drop.
Considerable work using the sessile drop technique,
has been done by Kingery,
Armstrong,15 '^

3-8

Pask,

9-11

Eremenko,

12-14

Bernard'*'^ ’18 and their coworkers on ce

ramic-molten metal systems.

An interest in the effect of

temperature and minor impurities on the interfacial ener
gies of molten metals was the basis for much of their work.

2

Figure 1.
A.

Wetting

t
Typical sessile drops
B.

Non-Wetting

The temperature dependence of surface energy is
always negative and relatively small.

This is evidenced

by the temperature coefficient of y ranging in magnitude
2
19 7
from 0.1 to 1.0 erg/cm /°C for most materials.
'
The effect of minor impurities on the other hand can
be great.

Two processes have been proposed to account for

the effect of impurities on interfacial energies.

The

first process is due to the diffusion of either species
across the interfacial boundary.

A concentration gradient

is established and the interfacial energy changes as the
composition of the interface changes.
The second process, which is found to be the dominant
one in the present work, is due to the preferential
adsorption or desorption of an impurity at an interface.
This is especially evident for the Group VIA elements of
the periodic chart.

These elements, i.e. oxygen and sul-

fur, have been found to be strongly surface active.

20 21
'

The process of preferential adsorption at an interface was first treated by Gibbs

22

in 1883.

The relation

ship of adsorption at an interface to y was found to be
-a y

= I\ RT din ai

(2)

where R = the universal gas constant, T = the absolute
temperature, a^ = the activity of the adsorbed species,
and I\ = the excess moles of i per unit of the interface
layer.
At low concentrations the activity coefficient can be

4

assumed to be constant.

The activity a^ then becomes

proportional to c^, the concentration of the adsorbed
species.

Equation 2 becomes

-dy
'

2

. 23

= T . RT din c..
x
1

A typical plot of y^

(3)

vs In c is shown in figure

Three stages are apparent from the plot.

In the

first stage y^v is only slightly affected by variation in
c^.

Darken and

Turkdogen

24

proposed that durina this stage

the solute is being absorbed in the bulk and only partially
covers the surface of the drop.

This absorption continues

until the saturation limit for the solute in the solvent
is reached.

As c^ is increased past the solubility limit

a surface excess of the solute is formed and stage two is
entered.

This second stage is characterized by a sharp

drop in y^v with increasing concentration of the solute.
In this region Gibbs adsorption isotherm applies and
equation 3 describes the behavior of y^v *

During this

stage a monolayer of the solute is being formed on the
surface of the drop.

Once the monolayer is formed y^v

decreases nonlinearly with In c^ until at stage three y^v
assymptotically approaches a constant value.
Preferential adsorption is assumed to be the dominant
process in many metal-oxide systems.

The diffusion pro

cess is relatively slow due to the time required for the
diffusion of species across the interface.
Ag-

18

, Fe-

S

and Ni

25

A^O^

The Cu-

23

,

system have all been studied and

5

CM
O
x

Figure 2.

y lv as a function of ln[0]

for Cu-0 system

6

tend to support the preferential adsorption process.
Gallium was chosen for its low melting point
(29.78°C)

and its large liquidus range

(over 2300°C).

These properties make it possible to study y^v over a
wide range of temperatures and oxygen partial pressures.
The metal can also be obtained in ultra-high purity which
is essential to minimize the effects of unwanted impur
ities.

With the above in mind, experiments were under

taken to;
1.

Achieve reliable Y]_v values for unoxidized

gallium in the temperature range 900 to 1200°C.
2.

Study the influence of oxygen on y^ v of gallium

and its effect on the wetting of A^O-^ by gallium.

7

II.
A.

LITERATURE REVIEW

DETERMINATION OF SURFACE ENERGY
The sessile drop in figure 3 is a special case of

the capillary rise phenomena.

The difference in pressure

across the curved interface is given by

Ap = ;lv

J

i

+

\ R,

i j

= g Pl z + PQ

(4)

R2 /

where R^ and R 2 are the radii of curvature of the curved
surface, g = the gravitational constant,

= the liquid

density, z = the distance below the apex, 0, and PQ = the
pressure at the apex of the drop where R^ = R2 .
Bashforth and Adams

2

considered the radii of curva

ture at points C and C' to be R in the plane of figure 3(a)
and x/sin cf> in a plane normal to the plane of the figure.
At the apex Rq = R2 = b, z = 0, and PQ = 2y ^ / h in equa
tion 4.
Substituting into equation 4 gives

Y,
lv

I

+ sin
R

gplz + 2ylv

(5)

x

Defining 3 as
.2
b px g
Y lv

(6)

8

A

B
Figure 3.

Sessile drop profile and

identification of geometric parameters

9

equation 5 can be rewritten

z

2 +

1

b

\

+

R/b /

Bashforth and Adams

2

/ sin <p
\ x/b

prepared tables of 3 and x/z

for <f> = 90°, and x/b for values of b and <f>.

From measure-

2
ments of x and z in figure 3 , 3 and b can be determined
from the tables,

2 '26

and

y-j_v calculated from equation 6.

Many investigators rely on variations of the above
method to determine y^v since a large amount of inter
polation of the tables is required to obtain 3 and b.

In

addition, those tables have only been published in full in
2
Bashforth and Adam's original book which is not readily
available.
If the sessile drop in figure 3b is very large it
can

be assumed that there is no radius of curvature at

the summit of the drop and that any portion of the circumferance is straight.

The surface energy of the drop

can be expressed as

Y
Gibson

27

= p g x/2

(8)

has shown that equation 8 is only applicable for

drops greater than 12 cm in diameter.

He found that for

drops under 12 cm x was dependent on 2z.

Worthington

28

modified equation 8 correcting for curvature and obtained

10

Ylv =

p-^gx

/

1.641 z

2~~

^

1.644 z + x

(9)

Equation 9 has been confirmed to be accurate for
drops > 4 cm in diameter.

29

To achieve meaningful results with any of the above
variations rather large drops are needed.

An alternative

method of calculation suggested by Dorsey30 has been used
with success by Bonfield

31

and Humenik, et al

4

to measure

for drops having diameters < 4 cm. Humenik found
excellent agreement between the Dorsey and Bashforth and
Adams methods of calculating

.

y^v values for iron,

silicon, and nickel were determined with a precision of
+ 5%.

The same mean values were obtained by both methods

and deviations between the two methods were less than 3%.
Dorsey's equation for the sessile drop in Figure 3b is

Y lv

g Px x

0.0520 - 0.1227 + 0.0481 f

(10 )

where
f =

* -

-xJT

+

(ID

i

X

Equation 10

(as noted from equation 11) depends on

measurements from the top of the drop to the intersection
of the axis with a 45° tangent to the drop.

It was

noted that this method does not rely on interpolations or

11

calculations based on tabulated parameters-

For this

reason the Dorsey method was used to calculate y ^

for the

gallium sessile drops.

B.

SURFACE ENERGY OF GALLIUM
The first measurement of the surface energy of gallium

was made by Richards and Boyer in 1921.
358.2 ergs/cm

32

A value of

was reported at 30°C for sessile drops on

carbon in an atmosphere of carbon dioxide.
been found to be much too low.

This value has

Surface oxidation of the

drop has been proposed to account for the error.

34

Mack et al.*
34*
*
2
3
7 used the pendant drop method to deter
3
mine y-^v in atmospheres of carbon dioxide and dry hydrogen.
A value of 735 + 20 ergs/cm

2

was found over the temperature

range 30 to 40°C.
The surface energy of gallium and its temperature
variation

dy/dt at the interface with its own saturated

vapor was determined by Timofeevicheva and Pugachevich in
Or

1960.

p

Values of 707.0, 706.8, and 684.7 ergs/cm

obtained for y at 30, 46, and 505°C respectively.

were
The

sample purity was only 99.9% and contained surface-active
37
impurities.
Nizhenko et al.

37

measured the surface energy of

gallium by the "large drop" method over a wide temperature
range, m.p. to 1720°K, and found that y varied with
temperature non-linearly:

12

y =

708 - 0.0031

(T°C - 29.87) - 0.000667

(T°C - 29.87)2
(12 )

Nizhenko's findings are suspect since no mention of sample
purity was given.

The nonlinearity is more likely due to

sample impurities since most metals tend to follow a
straight line dependence of y

with temperature.

More recently Karashaev et al.

3 8

3 6
measured y, over
lv

the temperature range -20 to 360°C.

Gallium with a

purity of 99.9998% was used. Measurements were done in a
_6
vacuum of v 10
torr by the sessile drop method.
The
temperature variation of y

was found to be linear with

dy/dT = -0.101 ergs/cm2 .

A value of 718 + 4 . 3 ergs/cm2

was obtained for y^v at the melting point.
Bykova and Shevchinko

39

measured y

and its tempera

ture coefficient for gallium from the melting point to
1473°K.

Sessile drop measurements done under a vacuum of

5 x 10 ^ torr gave the relationship:
y lv (ergs/cm2) = 712 - 0.0606

(T - 303°K).

(13)

The most recent measurement of y^v for gallium was
done by Abbaschian.

33

The pendant drop method was used

with an atmosphere of dry nitrogen.

Experiments were

conducted in the temperature range 4 to 40°C.
point value of 723.9 ergs/cm

2

A melting

for y^v was obtained with

dy/dT = -0.068 erg/cm2/°C.
Several observations can be made concerning the above

13

values of y^v for gallium.
higher temperature

First the majority of the

(>200°C) values have been done in gas

pressures on the order of 10 ^ torr.

Assuming that air

with an oxygen content of 21% is the gas in question, a
pressure of 5 x 10 ^ torr would have a P
ly 10

**"6*

torr at room temperature.

this value would be even higher.
the temperatures in question

of approximate°2
^
At higher temperatures

This being the case, at

(>200°C) the Pn 's used in

U2

previous studies were well above the equilibrium oxygen
partial pressure for the formation of gallium oxide.

The

sessile drops must have a substantial amount of oxygen on
their surface.

The surface energies obtained for these

drops will be lower than for clean, unoxidized drops.
However, the above P_

u2

's could be significantly

lower depending on the pumping technique and the type of
apparatus used.

If pumps that preferentially remove

oxygen or furnaces containing oxygen getters such as carbon
were used the P

's obtained may have been low enough to

U2
prevent oxidation of the gallium.

In any case, the P

's
°2

were not measured but only assumed to be below the
equilibrium Pn

value of gallium.

U2

^
36
Secondly, with the exception of Karashaev, et a l .3
and Abbaschian

33

the purity of the metal used is either

unspecified or low.
metal impurities

The presence of small amounts of other

(< 1%) has been shown to substantially

reduce y^v of gallium.

40 41

'

Values obtained for impure

14

samples must be suspect as to their accuracy.
A need is apparent for reliable surface energy date
for high-purity gallium at higher temperatures in carefully
controlled atmospheres where the Pn

u2

is known.

This need

is met by the work presented here.

C.

SURFACE ENERGY OF Al^-,
Measurements of ygv of A ^ O j are relatively sparse.

Kingery,

8

measured the absolute surface energy of A ^ O ^

and ZrC^c by measuring the contact angles, groove angles
and dihedral angles in the systems nickel-alumina and
nickel-zirconia.

Values of 905 and 590 ergs/cm

were obtained for A ^ O ^

and Zr02 at 1850°C.

studies some influence on y

SV

2

In these

must be expected for the

nickel vapor in contact with the solid surfaces.
reason 905 ergs/cm
A^O^

2

+ 20%

For this

represents a lower value of ygv for

than that for a clean surface.
Livey and Murray

42

conducted contact angle measurements

in inert atmospheres of liquid metals on oxides and car
bides.

The surface energies of the oxides were estimated

from available data on heats of solution and from relations
between lattice energies and surface energies.
a value of 1112 + 230 ergs/cm
—
3

2

For A1 20 3

was calculated for y

sv

at

0°K.
Rhee

43

proposed a method for the determination of

Ysv of solids based on the temperature variation of contact
angle of metals on solids.

The surface energy of the

15

(0001)

surface of sapphire was expressed as a function of

temperature by:

Ys (ergs/cm ) = 892 - 0.12 T(°C)

(14)

An experimental assessment of Rhee's method was done by
Valentine in 1977.

44

Valentine disputed Rhee's method

with studies of Bi, A l , Ag, N i , Pb, Cu and Au on A l 203 .
Analysis of these systems via Rhee's method led to quite
contradictory values of Ys v From the above discussion it is apparent that the
absolute surface energy of polycrystalline A l 203 is still
indefinite.
905 ergs/cm

Of the values available, Kingery's value of

2

at 1850°C is most widely used.

Assuming a

temperature coefficient of 0.1 ergs/cm2/°C the following
relationship for A l 203 applies:

Y

(ergs/cm2) = 1090 - 0.1 T (°C)

(15)

Values of y s v used in this work were obtained using
equation 15.

0.

DENSITY OF GALLIUM
Values for the density of gallium at high temperatures

are few.

Existing data is for p below 1000°C with no real

reference to the Pn

u2

ments were taken.

of the atmosphere in which the measure-

45
Koester et a l .
measured p vs T and P

for gallium over the temperature range (50 to 600°C)

and

16

found the following relationship to hold.

p,
, . = 6.11564 - 7.3743 x 10 4 T + 1.37767 x 10 7 T 2
(gram/cc)
+ 1.347 x 10-5 P

(16)

where T = temperature in °C and P = pressure in bars.
Hoather
to 1100°C.

4 6
measured the density of gallium from 30°C
From his data he devised the following formula:

1

1

PT

0.99587 + _

| 128.04T

0.03780

106

P.
(gram/cc)

x 10

-5

T 3 - 1.25 x 10 8 T 4

where pm = the density (gram/cc)

(17)

at the melting point and

T = absolute temperature.
For the present work the density of the liquid
gallium was calculated by the use of Strauss'

47

formula:

(18)

where T = absolute temperature,

= absolute melting

III.

MATERIALS

Sessile drop experiments were carried out with gal
lium* reported to be seven nine's pure on polycrystalline
substrates of A ^ O ^ * .

The substrates had been hot pressed

at 1550°C and a pressure of 50001b/in^.

The one-inch

square substrates were polished with a series of diamond
pastes through k micron grit size.

After polishing the

substrates were ultrasonically cleaned in acetone,
methanol and distilled water for 20 minutes each and then
vacuum dried.

*Supplied by Eagle-Picher Industries.

19

IV.

A.

EXPERIMENTAL SETUP AND PROCEDURE

APPARATUS
The basic experiment done in this work was measuring

contact angles and y^v °f molten gallium sessile drops on
substrates of polycrystalline A ^ O ^ .
other substrates were also done.
cussion).

y 1v

(Runs on several

See Appendix A for dis

and 0 were studied as a function of tempera

ture and oxygen partial pressure.

Two high temperature

furnaces were specifically constructed to meet the
necessary requirements.
shown in figure 4.

A schematic of the set up is

The basic components of the system

were:
1.

Sessile Drop Furnace.

The sessile drop experi

ments were done in a closed alumina tube of a water
cooled Mo-wound electrical resistance furnace.

Optical-

quality fused silica viewports were installed at each end
of the tube to permit simultaneous measurement of
temperature via calibrated optical pyrometer and the
taking of photographs of the sessile drop.

The gallium

was melted and a drop placed on the substrate under
flowing Argon.

The substrate with drop was placed on an

alumina "dee" tube and pushed into the hot zone of the
furnace.

The sample was aligned horizontally using a

bubble level.

This is essential since any deviation from

horizontal causes significant error in the measurement of
drop dimensions.

The system was purged with forming gas

h

GAS C Y L I N D E R S

CYLINDER
Figure 4.

Schematic of experimental setup

2 exhaust

21

and then heated under a hydrogen atmosphere to the
experimental temperature.
2.

Oxygen Gauge.

This consisted of a sealed

high-temperature yttria-zirconia galvanic cell placed in
an alumina tube furnace operated at 827°C.

The cell

design and its operation are discussed in the next section.
Upon initial construction the P

U2

of the system was

measured both before and after entering the sessile drop
furnace and found to be the same, indicative of no
measureable leaks in the system.
sessile drop experiments, P_

u2

During the actual

measurements were made only

on the upstream side of the sessile drop furnace to
minimize the number of fittings required in the system and
thus possible points of leakage.

B.

MEASUREMENT OF THE OXYGEN PARTIAL PRESSURE
1.

Theory Behind Oxygen Sensor.

An oxygen con

centration cell consists of a solid oxide electrolyte
separating two electrode compartments

(I) and (II) with

definite oxygen partial pressures P q

and P^'

.

Two

metal electrodes are in contact with the interfaces of the
electrolyte.

A schematic of this type of cell is shown in

figure 5.
Wagner

49

motive force

derived a general formula for the electro
(emf) of oxygen concentration cells:

SOLID
OXIDE

pa

pa

ELECTROLYTE

(-)

EMF-

(+-)

P0 2 >

Figure 5.

po 2

Schematic of oxygen sensor cell

23

where F is Faraday's constant, t^Qn = the ionic trans
ference number and

or

1 = the chemical potential

of oxygen on the respective sides of the electrolyte.
Assuming ideal gas behavior

d]in

U2

= RT dlnPn

U2

( 21 )

Equation 20 can be rewritten

(22)

If t^on = 1 an integration of equation 22 gives

EMF

(23)

RT
4F

The assumption that t^Qn equals 1 is only valid over a
limited range of PQ
composition.

and temperature for each electrolyte

In this range the conduction due to electrons

and holes is negligible.
A 7 wt% ^ 2 ^ 3, ~ Zr®2 so-^:'-(^ solution was chosen as the
electrolyte for this work.
figure 6

50

Its conductivity as shown in

is much higher than other similar electrolytes.

24

Ionic Conductivity (a|on)

ohm" cm

0

Figure 6,

Ionic conductivity of various

electrolytes as a function of temperature

25

A review of the literature revealed the conductivity of
yttria stabilized zirconia (YSZ) to be PQ

independent

-20
< 1 atm at
(t.
= 1 ) over the range 10
atm < P
0,
ion
a
o 51 52
1000 C.
'
The Pn 's used in this study required oxygen

U2

partial pressure measurements to be taken at P
10

■20

atm.

0,

s <

In this range t^Qn is not equal to 1 but

becomes a function of P

0.
,53
Schmalzreid
solved equation 22 for the case t.
ion

f(P_ ) and obtained:

2

2

In
pi
e

es +
+

In
p\

+ ?o'k
u2

e1

+

p B f^
°2

(23)
l___ _

EMF = RT
F

+ P'*4

Ofo (.r

e

where P ' and P . designate the special values of P
e
e
U2
where the conductivity by excess electrons and electron
holes respectively equals the ionic conductivity of the

r\
oxide.

For YSZ at the Pn 1s of interest P . >> P '' >

u2

2

P'
> P . and equation 23 can be shortened to:
°2
e
)i i^
e!
RT
In
EMF
F
p 4. +

(2 3A)

o:

Plk

O *7

A value for P , of 10~
atm at 1000°C was obtained
e
53
by Bray and Merten
for a 10 mole percent Y 20^-Zr02
composition.

The 7 weight percent YSZ electrolyte used

in the present work corresponds to a 3.9 mole percent YSZ
composition.

The conductivity of this electrolyte is less

26

than a 10 mole percent YSZ and its value of P , will be
greater.

To explain this behavior some knowledge of the

Y20^-Zr02 phase diagram is needed.

In figure 7

54

the

lower limit of the cubic solid solution occurs at - 10
mole percent Y 2®3*

T^e maximum ionic conductivities and

lowest values of P , occur for cubic solid solution of
YSZ near this lower limit.

55

At compositions on the

Y 2^3~’r^'c^ s^ e

t^ie liroit ionic conductivity decreases
55
due to defect ordering.
On the Zr02-rich side of the
limit the ionic conductivity decreases due to a decrease
m

defect concentration.

55

The temperature dependence of
realized.

must also be

At temperatures below 1000°C the increase in

P^ caused by the zirconia being partially stabilized is
to some extent offset.

Since the exact value of P' for
e

the YSZ electrolyte used in this work was not known, the
Bray-Merten value of 10

-27

atm was used.

represents a lower limit P^.

This value

The real value may be

greater.
•
•
-07
The effect of using equation 23A with P ' = 1 0
atm
e
versus equation 23 is shown in table I for a temperature
of 827°C and P ’1 = 0.21 atm. As the EMF is raised the
z
value of Pi calculated assuming t.
= 1 becomes in02
ion
creasingly larger than the actual P q
equation 23A.

calculated from

In the limiting case, as P

constant EMF is obtained.

>> P ', a
°2
e
Equation 23A reduces to
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25 0 0

2000

TEMPERATURE (°C)

15 0 0

i000

5 00

Figure 7.

Zirconia - yttria phase diagram

28

TABLE I.

Comparison of P0 's calculated assuming ideal
and non-ideal
2 behavior for a YSZ electrolyte

P'

(atm)
2

EMF

(volts)
0.0
0.5
1.0

1.1
1.2
1.3
1.4
1.5

P'
(atm)
U2

Equation 2

Equation 2

0.21
1(T9- 8
io -19-°
io“ 20" 9
10~22 •8
io “ 25*°
10~ 2 8 * 3

0.21
icT9-8
io "19-0
io~20’ 8
10-2 2 -7

10~24’ 5
10"26*4
10-28.2
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RT
4F

EMF =

(24)

In

with the EMF equalling 1.436 volts.
accurate value for P'

To obtain a more

equation 23A with P ' = 10

-27

atm

u2
and P"

U2
2.

= 0.21 atm was used in the present work.
Oxygen Sensor.

The P^

U2

measuring system used in

the present work is similar to the one used by Barsoum.
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A detailed description of the system can be found in his
work and repetition is not warranted here.
3.

Measurement and Variation of the Oxygen Partial

Pressure.

To calculate the oxygen partial pressure of the*
2

hydrogen gas P ' (unknown) from equation 22 it is
°2
necessary to know the value of the reference oxygen
partial pressure P" , the temperature of the cell, and the

2

EMF generated by the cell.
In this study breathing air (Pn

U2

as the reference gas.
achieve the PQ

= 0.21 atm) was used

A H 2/H20 buffer system was used to

needed.

The H 2/H20 ratio was fixed for

the reaction
H

H„0, .
2 (g)

2 (g)

+ k o 2(g)

(25)

giving the mass action expression

K

H,

h

0,
2o

(26)
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The cell was operated at a constant temperature of
827 + 1°C.

At higher temperatures the conductivity of

YSZ deteriorates if the electrolyte is used in reducing
atmospheres for extended periods of time.

57

Also the

ionic conduction range of the electrolyte is considerably
52
reduced at higher temperatures.

obtained in the
°2
sessile drop furnace was obtained by first calculating the

P

at 827°C from the cell EMF.
u2
equilibrium constants of the

The P

Using the appropriate
reaction (Eqs. 25 and

26) at 827°C and the experimental temperature, the P
the experimental temperature was calculated.

at
°2
The method

and a sample calculation are given in Appendix B.
The P

was varied by mixing the cylinder of hydrogen
u2
with another hydrogen gas that was bubbled through dis
tilled water at room temperature.

The flow of "wet"

hydrogen was controlled by the use of a micrometer valve.
The P

u2

of the gas stream was varied by changing the flow

rates of the "dry" and "wet" hydrogen.

At 827°C the "dry"

and "wet" hydrogen gas stream possessed P. 's of 10
and 10

-215
* atm, respectively.

-26 4

U2

The gas stream passed over

the molten gallium at about 1.5 to 1 cm/sec.

It has been

found that this flow is sufficiently slow to insure
equilibrium.5 ®

C.

SESSILE DROP MEASUREMENTS
The gallium drops were held at 1200°C under an

atmosphere of dry hydrogen for 4 hrs. to desorb any

31

oxygen on the furnace walls and in/on the gallium.
Photographs of the drop were taken for different values
of P

at each temperature.
Polaroid Type 55 Positive/
°2
Negative film was used.
The cold chemical process used
to produce the negatives made errors due to nonuniform
film shrinkage minimal.
in Figure 8.

Typical sessile drops are shown

The negatives were cut, mounted in 35mm

slides, and projected on lined paper from which the
sessile drop measurements were taken.

Measurements of

contact angle, h, and x (from figure 3b) were taken for
each drop.

Reproducibility of the measurements of h and

x was + 0.002 in. and of 8 + 2 ° .
Sessile drop runs were carried out at 927, 1027,
1127, and 1227°C.

The P

u2

over the drop varied from a

low value determined by the oxygen content of the "dry"
hydrogen gas to a high value determined by the Ga 2 C>2
equilibrium.

This range typically covered 4 orders of

magnitude at each temperature.
The Pn

2

was measured at 827°C in a separate furnace.

At this temperature the corrected Pn 's ranged from 3.5 x
<— 0 f t

10

u ^2

„oo

up to 3.93 x 10

and the EMF values from 1.352 to

1.131 volts, respectively.
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V.

THEORY

If it is assumed in the case of a metal-oxygen-oxide
system that the adsorption of oxygen on the oxide is
negligible then y c a n
of PQ

be taken as constant, independent

for a given temperature.

tact angle at any given P

u2

Knowing y^v and the con

and temperature y , can be

s

calculated from equation 1.

The system is then completely

defined in terms of the interfacial energies.
From equation 3, it is evident that rQ can be
calculated from a plot of y vs In CQ for any interface.
For the liquid-vapor interface this is relatively easy,
since CQ is related to PQ

Sievert
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found that the

diatomic gases of class III elements, such as oxygen,
dissolve atomically rather than molecularly in moltenmetals.

Studies'^ '^

of metal-oxygen systems similar

to gallium-oxygen have shown that oxygen adsorbs as atoms
at the liquid-vapor interface.
Assuming that the oxygen is present at the liquid
gallium-vapor interface as atoms, the overall reaction can
be described as:
0 o/ v -*20, .
2(g)
(g)

(27)

and CQ becomes

C„ = (kp

u2

)2

(28)
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with
me

I n k 2 + In P

o

h

(29)

0,

Here the subscript o represents monatomic oxygen and k the
equilibrium constant for the reaction.

At any given

temperature k is constant and the differential of In
%
becomes equal to the differential of In Pn .

2

d(In CQ ) = d(In P^ )

(30)

A plot of y

vs In P 2 will provide the same slopes
lv
°2
as a plot of y^v vs In CQ . For the solid-liquid interface
~
%
the value of y ^ will also be proportional to PQ provided
there is no interaction between the solid and the liquid.
It is possible therefore by plotting y^v and y ^ vs In
P

P2

°2

to determine T

at either the liquid-vapor or solid-

°

liquid interface.

The maximum value of

the inflection point

will occur at

(point A on figure 3) of a y vs In

P

P 2 plot.
°2
maximum.

At this point the slope of the curve is a

35

VI.

A.

RESULTS

INTERFACIAL ENERGIES
Figure 9 shows the variation of y^v with PQ

the four experimental temperatures.
shows the variation of y ,.
S JL

for

Likewise, figure 10

The small number of data

points used are a direct consequence of the experimental
method.

The control of the "wet" and "dry" hydrogen gas

flows available was not precise enough to decrease the
gap between adjacent PQ 's.

In the case of Y^v , the

curves at 927 and 1027°C appear to approximate stages 2
and 3 of the plot shown in figure 2, while the higher
temperature curves, 1127 and 1227°C, approximate stages 1
and 2.

The Pn range available was not sufficient to
u2
cover all three stages at any one of the four temperatures.

x.
Straight line fits were found for
the four temperatures.
on

vs In P^

for

The effect of oxygen concentration

was found to be the greatest at the lowest

temperature and decreased with increasing temperature.

This

is evidenced by the slopes of the curves; -53.85 at 927°C
down to -14.18 at 1227°C.

B.

CONTACT ANGLE
L
Contact angle measurements vs In P*

u2

figure 11.

are found in

A straight line behavior was assumed to be the

case at each temperature.
increasing PQ

A decrease in 0 with

was found at each temperature.

The

(ergs/cm )
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Figure

9.

E f f e c t of o x y g e n p a r t i a l p r e s s u r e

and t e m p e r a t u r e on the l i q u i d -

v a p o r i n t e r f a c i a l e n e r g y of l i q u i d g a l l i u m

(ergs/cm )
Figure

10.

E f f e c t of o x y g e n p a r t i a l p r e s s u r e and t e m p e r a t u r e on s o l i d - l i q u i d i n t e r 
facial en e r g y b e t w e e n g a l l i u m and A1-0-.

CONTACT ANGLE (degrees)
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Figure

11.

E f f e c t of o x y g e n p a r t i a l p r e s s u r e and t e m p e r a t u r e on the cont a c t angle
b e t w e e n liquid g a l l i u m and

39

influence of P_

2

on 0 was greatest at 927°C and decreased

with increasing temperature.

A summary of the data of

figures 9-11 is shown in Table II.

C.

VALUES OF Tq
Figures 12 and 13 show the variation of Fq of the

liquid-vapor interface with In P h .

2

A maximum was not

found at any of the four temperatures.

The inflection

point found in figure 2 was absent from all

vs In P^

2
curves.

It should be noted that F for the lower
o

temperature curves decreases with increasing P

while
u2
Fq for the higher temperatures increases with increasing

po„ *
Due to the straight lines for
values of
faces.

vs In P q

, constant

were obtained for the solid-liquid inter

This implies that rQ is independent of the PQ .

A negative temperature dependence of Fq was found for the
solid-liquid interface with a maximum value of 5.4 x
10 ^

D.

moles/cm^ occurring at 927°C.

WORK OF ADHESION
The work of adhesion represents the decrease in

energy in bringing together a unit area of liquid surface
and a unit area of solid surface to form a unit area of
interface.

As a measure of the attraction between the

molten gallium and the A ^ O ^ the work of adhesion can be
calculated from the interfacial energies as:

40

W

ad

lv

+

sv

31)

si*

This assumes the gallium is of sufficiently low vapor
pressure and does not adsorb on the surface of the A ^ O ^ .
Values of W

, can be found in Table II.
ad

At all

temperatures W ^ increases with increasing
in figure 14.

as shown

TABLE

m
Te m p . 0„
C

E x p e r i m e n t a l d a t a and c a l c u l a t e d val u e s

II

0 Degrees

inP
°2

ergs
Y lv cm 2

ergs
Y sv
2
cm

Y g1

ergs
2
cm

Wad

ergs
2
cm

1315

300

586

997
If

1197

386

577

If

1166

408

II

997

576

1322

280

1269

300

927

-28.1

123 + 2

618 + 20

927

-25.8

110

927

-23.5

107

927

-22.5

90

576

1027

-26.7

123

615

1027

-23.9

119

582

987
II

1027

-21.5

113

566

If

1208

345

1027

-20.6,

109

562

If

1170

379

1127

-24.5

124

592

1308

261

1127

-22.3

119

590

977
II

1263

304

1127

-19.9

117

577

II

1238

315

1127

-18.9

112

542

II

1186

333

1227

-23.0

121

581

1266

282

1227

-20. 9

117

580

967
II

1230

317

1227

-18.5

115

582

>1

1213

336

1227

-17.5

113

566

II

1188

345

P0 (moles/cm )
Figure 12.

The excess surface concentration of oxygen as a function of oxygen
partial pressure at 927 and 1027°C

(motes/cm )
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25

24

23

22 ,
21
'/2
- LN PQ (atm.)

20

19

2
F i g u r e 13.

The excess

surf a c e c o n c e n t r a t i o n of o x y g e n as a f u n c t i o n of o x y g e n partial
p r e s s u r e at 1127 and 1227°C

WORK OF ADHESION (ergs/cm)
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F i g u r e 14.
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VII.

DISCUSSION

Of the y^v values presented those at 1227°C are
for a relatively clean unoxidized drop.

The top three

values when averaged give a y^v value of 581 + 20 ergs/
cm

2

for a clean drop.

Using this value with the highest

values at each of the 3 lower temperatures figure 15
was drawn.

Three different dy/dT's result with the

largest being -0.17 ergs/cm^/°C and the smallest -0.11
ergs/cm^/°C.
Melting point values of y^v were calculated using
the general formula:
'T

(32)

Ymp +
(T - T
)
^
dT
mp

where yT = the surface energy at some temperature, T°C;
y^p = the melting point value of the interfacial energy;
and T

= the melting point temperature in °C.

784, 724, 712 ergs/cm
The 784 ergs/cm

2

2

Values of

were calculated.
value is much higher than values

measured by previous investigators.

32-37 39

'

In addition,

2

their values of dy/dT, ranging from -0.06 to -0.1 ergs/cm /
°C, are all less than those found in the present work.

An

increased oxygen content for the interface is believed
responsible for the lower values found by these earlier
investigators.

At T

the presence of oxygen at the

interface would serve to lower the value of y,

observed.

At higher temperatures the desorption of oxygen would
caluse the magnitude of dy/dT to be decreased.

(ergs/cm )
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Of all the dy/dT and Y

mp

values reported those of

Ymp = 784 ergs/cm2 and dy/dT - 0.17 ergs/cm2/°C in the
present work represent the largest.

Support for the

correctness of these values is found by examining the
behavior of Y^v at Tc

the critical temperature.

Accord

ing to Eotvos,®® y^v decreases to zero at or near Tc .
Assuming a critical temperature of 5047°K for liquid
gallium values of y^v at T c were calculated using the
data from previous investigators and the present work.

Of

the values calculated those using the present work data
were the closest to zero at T c<

A value of -69.4 ergs/cm

2

was found for y , the critical-temperature liquid-vapor
surface energy, using y
-0.17 ergs/cm2/°C.

= 784 ergs/cm

2

and dy/dT =

This value of y , although negative,

is the closest to zero of any of the y

c

values calculated.

The curves of figure 9, as they are drawn, show quite
different behaviors of y. with P_ at each of the four
lv
°2
experimental temperatures.
An alternative plot of the
data is shown in figure 16.

This figure was arrived at as

follows:
1.

A value of 581 + 20 ergs/cm

2

was taken as a

clean drop value of y^
2.

at 1227°C.
2
A value of -0.17 ergs/cm / C was used for dy/dT.

3.

The total decrease in y

due to the oxidation of

the drop was assumed to be the same at all temperatures.
4.

"S" type curves similar to figure 2 were drawn.

(ergs/cm )
Figure 16.

Effect of oxygen partial pressure and temperature on the liquid-vapor
interfacial energy of gallium.
Alternative plot.
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The curves which result using the above convention
fit the experimental data well.

Assuming the curves are

correct several points can be noted.
1.

A decrease in y^v of

by gallium upon oxidation.

65 ergs/cm

2

is experienced

This is considerably less

than is seen for other metals, i.e. Cu, N i , F e , Ag, and
Si.
2,

Values of 1Q obtained from the curves are on the

order of 10

”10

2
moles/cm .

This is comparable with the

metals mentioned above.
It is apparent that more work is needed to completely
define the behavior of Y]_v with PQ

for gallium.

The yg^ curves were arrived at by assuming a constant
value for y

sv

for clean A l o0 o .
2 3

Examination of substrates

after each run revealed an appreciable amount of discolora
tion.

The discoloration was first attributed to evapora

tion-condensation of gallium onto the substrate from the
vapor phase.

This theory was discarded when no

discoloration could be found on the "dee" tube support or
furnace walls.

The discoloration was then attributed to

surface and grain boundary diffusion.

This idea is

supported by the fact that the substrates were
discolored throughout with the discoloration being the
greatest on the surface.

In any case, the fact that

gallium was on the surface shows that Y gv must not be
taken constant and certainly not equal to the clean-

50

surface value.

An expected lower value of Y sv would

decrease the values of

obtained by equation 1.

Some

sort of curvature should also be expected for the Y s^
curves due to tie curvature of the y^v curves.

A.

VALUES
OF F
------------o
The values of Fq for the liquid-vapor and solid-

liquid interfaces should be considered as approximate.
The values of Fq calculated were extremely dependent on
the shape of the curve they were obtained from.

The lack

of data points in the y^v and y g^ curves made the
determination of their slopes difficult.

The general

shape of the curves should be assumed correct and the
maximum value of Fq , 10

-11

2
moles/cm , is comparable with

those found for other liquid metal-vapor interfaces.® ^
A feeling for the complete Fq vs In

curve was

obtained from the four temperature curves calculated.
(Fig. 17)
Initially I

iz zero, as would be expected since the

is zero. As the P_ increases F increases to a
°2
°2
°
maximum value.
In the case of oxygen at a liquid metalvapor interface this value has been equated to the
formation of a surface coating of the stable oxide of the
metal.

18 23
'

Upon reaching this maximum value Fq

assymptotically decreases to some lower value with further
increases in Pn .

u2

The values of

at the solid-liquid interface, though

(moles/cm)
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Figure 17.

Hypothetical plot of rQ vs In

52

they are single-valued, are of the same order of magnitude
as those of other liquid metal-alumina interfaces.

23

If

more data points had been available the Y . curves would
si
have shown some curvature and r vs In P
o

h

curves could
2

have been drawn.

B.

WORK OF ADHESION
The values for the work of adhesion between liquid

gallium and Al^O^ were much less than those of other
similar metals.

4 23
'

Examination of the substrate surfaces

by scanning electron microscope showed little if any
reaction at the solid-liquid interface.

In Figure 18A

the solid-vapor interface is shown above line AA" while
the solid-liquid interface is shown below AA'.

The

little reaction present occurred at the ring of the drop
where all three interfaces were present,

(Figure 18B).

The increase in the work of adhesion at the solidliquid interface with increasing P^

can be attributed

to the increased formation of gallium oxide-aluminum
oxide bonds.

Since little reaction occurred at the

interface, the formation of a separate Ga-Al-oxide is not
feasible.

X-ray examination of the substrates substan

tiated the above conclusion.

53

- .. -,—

A.

B.
Figure 18.
A.

iOOOX

1900X

Substrate surface after sessile drop runs.

Solid-liquid interface.

B.

Reaction ring.

A*
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VIII. CONCLUSION

From the y^v data it follows that the presence of
oxygen does cause a reduction in the liquid-vapor inter
facial energy of gallium.

The range of P_

available at
2

any one temperature prevented the study of the complete
cycle from unoxidized to an oxidized drop. An "S" type
%
behavior for y^v vs In PQ was assumed and subsequent
curves were found to fit the data well
Maximum values of 784 + 20 ergs/cm
were calculated for y

2

(Fig. 16).

2 o

and -0.17 ergs/cm /°C

and dy/dT, respectively.

These

values are much larger in magnitude than those found by
previous investigators.
The values of y

si

and work of adhesion show that

gallium increasingly wets A ^ O ^
temperature are increased.

as the PQ

and the

At the temperatures involved,

there was considerable contamination of the A ^ O ^
by gallium.

surface

Under the reducing conditions of this work,

gallium adheres weakly to A ^ O ^ .
To more clearly define the interaction of gallium
with oxygen and A ^ O g , more work is needed.
range of PQ

A wider

would enable the total "S" behavior of ylv vs

oxygen concentration to be realized.

By increasing the

precision of the gas flow regulation, the gap between
adjacent data points could be decreased.
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APPENDIX A:

ADDITIONAL SESSILE DROP EXPERIMENTS

Additional runs using fused silica and hot-pressed
Si^N^ were also done with gallium.

Data obtained was not

included in the present work because of its unreliability.
Problems arose with Si^N^ when the substrate was heated to
temperatures > 1000°C.

The surface of the substrate

denitrided leaving exposed silicon ions which had a great
affinity for any oxygen present in the gas stream.

A

surface layer of Si02 was formed since the PQ 's used in
the experiment were above the equilibrium Pn 's for the

u2

formation of Si02 »

A clear, smooth surface ceased to

exist at the base of the sessile drop and accurate measure
ments of contact angle and drop dimensions were not
possible.

In the case of fused quartz the low end of the Pn

u2

range used was below the equilibrium P„

u2

formation of SiO^.

value for the

The surface of the substrate became

pitted and was attacked by the liquid gallium.

Also, at

the temperatures involved an appreciable amount of
devitrification occurred for the fused quartz.
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APPENDIX B:

SAMPLE CALCULATIONS OF OXYGEN PARTIAL PRESSURES

From the chemical reaction

H 20(g) ■* H 2 (g) + h02ig)

(D

it is possible to evaluate R , the hydrogen/steam mixing
ratio required to establish a given oxygen partial
pressure.
Assuming "a" is the fraction of each mole of H 20
which dissociates to form oxygen, the partial pressures of
the three chemical species are given by,
P

h

20

Ph2

-

2(1-2) / (2+a+2R )
m

(2)

=

2(a-R ) / (2+a+2R )
m
m

(3)

=

a / (2+a+2R )
/
m

(4)

for a total pressure of one atmosphere.

The equilibrium

constant for equation 1 is given by:

K = P„
H

x P* / P
0,
h 2o

Combining equation 2 - 5

(5)

and eliminating "a", R^ at a

given temperature can be expressed in terms of PQ

and K,

the equilibrium constant:
3/2
R
m

=

(K-3KP_
0,

2P

u2

3/2
+ Pn )

33

) / (2KPn

+ P_
2

2

2

(6)

64

At the low P

O,

used in this work this equation reduces

to
Rm = R/ P0 2

(7>

Values of K for the reaction (equation 1) were obtained
from U. S. Geological Survey Tables

(ref. 63).

The procedure used to estrapolate the values of the
P_

u2

measured by the cell at 827°C to the higher

temperature at which the sessile drop run was made, was as
follows,
1.

The EMF of the cell was measured at 827°C.

Knowing the value of the reference Pn

U2

cell, the Pn

on one side of the

of the hydrogen gas was established

z
according to Schmalzried's equation.
2.

Using this value of the P„

(Equation 23A in text)
and the value of K

o
2
at 827 C, the value of R was calculated according to
m
y
equation 7.
3.

With the value of R

m

thus established, the P_ at
02

the temperature of interest was calculated, again by
using equation 7 and the value of K at the higher
temperature.
4.

Sample calculation for temperature, 927°C.

At 827°C K = 1.3203 x 10~9 while at
927°C K = 1.2736 x 10~8
ref
When the EMF = 1.4 volts at 827°C and P
Pn

u2

of the gas at 827°C

°2

= 0.21 atm the
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<pe' +

refi,
>
l)
o.

exp

(10 27)^ + (0.21)1

-F EMF
RT

exp

\ ““
%

-(96487)
(8.314)

4.8 x 10

( 8)

- Pe ’

(1.4)

-

(10“2 V

(1100)

•29

From equation 7

R

1.3203 x 10"9

m

(4(8 x 10

=

1.9057 x 105

--29 h
)2

But at 927°C
K = 1.2736 x 10

Using equation 7, again but for 927 C

>

°2

= (K/R )

for 927°C

1.2736 x 10

-8

m

1.9057 x 105

= 4.47 x 10 27atm

